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Introduction
Trade-offs between functional traits related to plant re-
source acquisition, competition and colonisation ability or 
stress tolerance are essential mechanisms supporting species 
coexistence (Tilman 1994, Muller-Landau 2010). A negative 
relationship between seed size and seed number was ascribed 
to a competition-colonisation trade-off in which the competi-
tive benefit of large seeds is counterbalanced by the disadvan-
tage of low seed production (Rees 1995, Geritz et al. 1999). 
According to this trade-off, small-seeded species possess a 
‘hit-and-run’ strategy and invade new favourable sites due 
to their higher colonisation rates than those of large-seeded 
species, which profit from better competitive ability. Studies 
supporting plant coexistence based on trade-offs in reproduc-
tive traits have dealt primarily with annuals (e.g., Rees 1995, 
Ben-Hur et al. 2012), displaying only one reproductive mode, 
i.e., the allocation to generative reproduction. Surprisingly, 
studies on perennial plants have also generally focused on 
addressing the seed size vs. seed number trade-off (e.g., 
Eriksson and Jakobsson 1998, Guo et al. 2000, Leishman 
2001, Eriksson 2005), but neglected the possibility that an in-
vestment in large seeds and successful seedling recruitment, 
may be replaced by vegetative propagation (Harper 1967, 
Abrahamson 1980, Cheplick 1995, Fischer and van Kleunen 
2002). 
Empirical data have shown that a trade-off between gen-
erative and vegetative reproduction commonly occurs in 
clonal plant species (Cheplick 1995, Thompson and Eckert 
2004, van Drunen and Dorken 2012). The increase in seed 
size is accompanied by the decrease in vegetative propaga-
tion rate, and vice versa. Several authors stressed that a repro-
ductive allocation trade-off will be apparent mainly in those 
environments where resources are limited or under stressful 
conditions (Weppler et al. 2006). A recent empirical study, 
compiling data from both databases and the field, supported 
that local processes such as specific environmental conditions 
and biotic interactions may affect the realisation of species’ 
reproductive trade-offs (Herben et al. 2012). Seed recruitment 
of plants in perennial vegetation has often been shown to be 
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associated only with vegetation gaps (Bullock et al. 1995, 
Eriksson 2011). On the other hand, in dense vegetation, clon-
ally growing ramets have a higher chance of establishment 
compared to seedlings (Williams et al. 1977). Grime (1998) 
postulated that founder effect may importantly influence the 
species composition in local space. The set of species that co-
occur in a given area will depend upon early colonisation by 
appropriate dominants and subordinates (Egler 1954, Fukami 
2004). A late arrival may be expected to delay an establish-
ment of a species or may even exclude some species com-
pletely (Platt 1975, Grman and Suding 2010). 
Studies addressing the seed size vs. seed number trade-off 
mostly used seed size or the total number of seeds as prox-
ies of investment to generative reproduction (e.g., Guo et al. 
2000, Leishman 2001). Nevertheless, clonal plants often re-
duce sexual fertility compared to non-clonal plants as a con-
sequence of pollination failure (Charpentier et al. 2000), lack 
of mates or genetically conditioned sexual sterility (Eckert 
2002). Hence, unviable seeds are highly probable to occur in 
clonal species. More suitable predictors of seed performance, 
e.g., seed germination, should be used in studies for an alter-
native estimation of generative reproduction output.
In this study, we developed a series of spatially explicit 
simulations to ask whether differences in reproductive strate-
gies and competitive abilities between two perennial sedges 
dominant in European swamp broadleaf forests may be a 
sufficient mechanism for ensuring their local species coex-
istence. In the field study, we measured several life-history 
traits, which generally correlate with colonisation ability and 
fitness of perennials. To examine the competitive hierarchy 
between species, microsite species preferences and environ-
mental niche overlap, we analysed the effects of environmen-
tal factors and plant densities on fitness-related traits using 
Structural Equation Modelling (SEM). Then, using a series 
of spatially explicit simulations partly parameterised by the 
field measurement, we evaluated the importance of seed and 
ramet propagation and recruitment conditions for long-term 
species coexistence. More specifically, we asked the follow-
ing questions: i) Is the number of germinated seeds a bet-
ter predictor of species coexistence than the total number of 
seeds? ii) What recruitment conditions and competition rules 
determine vegetative sprouting to be an alternative to large, 
competitively superior seeds? 
Material and methods
Study site and species
The study was performed in an old-growth swamp broad-
leaf forest in the Vrbenské rybníky Nature Reserve located 
in southern Czech Republic (49° 00' N, 14° 25' E, 350 m 
a.s.l.). Carex elata All. and C. elongata L. (Cyperaceae) are 
the dominant species in the understorey vegetation (Douda et 
al. 2012). Both species are long-lived clonal perennials as-
sociated with alder carr throughout Europe, and frequently 
dominate the herbaceous layer (Douda et al. 2016). They pro-
duce densely tufted shoots, and can also produce short under-
ground rhizomes up to approximately 10 cm in length (Douda 
et al., personal observation). Both species also reproduce 
sexually by achenes. The achenes ripen at the beginning of 
June and germinate immediately after they are released from 
the mother plant or may be stored for several years in the soil 
seed bank (Schütz 2000). 
Field measurements
Field measurements of species characteristics and envi-
ronmental factors were made during the first week of June 
2012 (see Appendix 1 for data). A 350-m-long transect in a 
south-north direction with a random starting point was es-
tablished. Fifty-four plots of size 1.5 m × 1.5 m, each 5 m 
apart, were placed along the transect. Within each plot, all 
adult individuals of Carex elata and C. elongata were identi-
fied and counted. Seedlings, i.e., individuals with 3 or fewer 
leaves or less than 8 cm in height, were excluded from the 
data sampling because a determination of small individuals 
of both species may be misleading. In total, 78 and 390 in-
dividuals of C. elata and C. elongata were recorded, respec-
tively. For fruiting plants (in total, 53 individuals of C. elata 
and 212 individuals of C. elongata), the mean number of ger-
minated seeds per ramet, mean number of seeds per ramet, 
mean seed size (mg; calculated from the 50-seed mass of each 
fruiting individual which were germinated), the number of 
all seeds per individual, the number of germinated seeds per 
individual, the number of ramets and the total seed mass per 
individual (mg) were recorded. The dried seeds, including the 
perigynium, were weighed. The number of all seeds per indi-
vidual was estimated as the ratio of total seed mass to mean 
seed size. The mean number of seeds per ramet was calcu-
lated as the ratio of the number of all seeds to the number of 
all ramets. 
Seeds were stored in paper bags at room temperature 
for two weeks. Fifty seeds of each fruiting individual were 
germinated, if available. Seeds were placed on a single layer 
of filter paper in 90-mm-diameter Petri dish and moistened 
with water. Seeds were treated by cold-wet stratification in 
the dark at 4°C for 6 weeks to synchronise the timing of the 
germination. After that, they were incubated at 22°C for the 
16-h light period and 10°C for the 8-h dark period each day 
(Schütz and Rave 2003). Germinated seeds were counted and 
removed at 2-day intervals for 45 days. The number of ger-
minated seeds per individual was estimated as the ratio of 
total seed mass to mean seed size, multiplied by germination 
percentage. The mean number of germinated seeds per ramet 
was calculated as the ratio between number of germinated 
seeds and the number of ramets.
To examine microsite species preferences indicating the 
extent of their environmental niche overlap, we measured the 
soil conductivity, light availability, pH and water level on each 
plot (Douda 2010, Douda et al. 2012). The light conditions of 
each plot were examined using hemispherical photographs 
taken at the plot centres using a Sigma 8 mm fisheye. The 
percentage of total radiation transmitted by the forest canopy 
was the variable selected to describe light availability for the 
Species coexistence of clonal plants            207 
understorey plants (Frazer et al. 1999, Douda et al. 2012). 
The depth of water level below the ground, pH and conduc-
tivity were measured in a soil pit as the mean value of 5 points 
within each plot. They had a regular spatial distribution, with 
one pit located in the centre and border pits in space between 
the centre and the plot corners. A field meter (pH/Cond 340i/
SET) was used to estimate the pH and conductivity. 
Additionally, to characterise an annual vegetative spread 
of both Carex species we used data from a common garden 
experiment that simulated the coexistence of four species in a 
swamp forest, including C. elata and C. elongata. The other 
species (i.e., Calamagrostis canescens (Weber) Roth and 
Deschampsia cespitosa (L.) P.B.) represent species that com-
monly co-occur with both sedges in a swamp forest (Douda 
et al. 2012). By measuring 260 individuals of each species, 
growing alongside the five individuals in 52 pots (60 × 60 × 
36 cm) in the growing season of 2011, we counted the number 
of new vegetative sprouts per maternal plant having a rhi-
zome of length greater than 1 cm (Appendix 1).
Data analyses
Differences between species in trait values, i.e., mean 
number of all seeds per ramet, mean number of germinated 
seeds per ramet, mean seed size, number of all seeds, num-
ber of germinated seeds and number of new vegetative 
sprouts were tested using Generalised Linear Mixed Models 
(GLMMs). A Gaussian distribution was implemented for 
mean seed size, mean number of seeds per ramet and mean 
number of germinated seeds per ramet, whereas a Poisson 
distribution was implemented for the number of seeds per 
plant, the number of germinated seeds per plant, and the num-
ber of new vegetative sprouts (i.e., the count data). GLMMs 
were performed using the package lme4 (ver. 1.1-8) and func-
tion glmer in R software (R Core Team 2015). 
To examine the competitive hierarchy between species 
and microsite species preferences, we analysed the effects of 
the environmental factors and plant densities of Carex elata 
and C. elongata on their fitness-related traits (i.e., the number 
of all seeds, number of germinated seeds, number of ramets, 
mean seed size and species density) measured in each plot. 
We used structural equation modelling (SEM), a multivari-
ate technique that estimates the strength and sign of direc-
tional relationships for complex networks having multiple 
dependent variables (Bollen and Long 1993, Grace 2006). As 
a technique, SEM is more flexible than simple or multiple 
linear regression, because it deals with a system of regression 
equations. It represents a very useful statistical approach that 
can be used to unravel the linking structure of fitness-relat-
ed traits that are correlated in a multivariate way (Shipley, 
2004). The SEM diagram shows the direction of relationships 
and estimates the strength of those relationships (i.e., stan-
dardised path coefficients). A standardised path coefficient is 
the standardised slope of the regression of the dependent vari-
able on the independent variable in the context of the other 
independent variables (Grace 2006). Medians of the fitness-
related trait values of all individuals measured at each plot 
were used in the analyses because some plots had few plants 
(particularly plots with a presence of C. elata). The median is 
a good measure of the centrality, particularly when data are 
overdispersed. Plots with absent species were not included 
in the analyses (i.e., 14 plots for C. elata and 6 plots for C. 
elongata).
In SEM, the environmental factors were considered ex-
ogenous variables in all equations, whereas fitness-related 
traits were endogenous variables. Densities of target species 
were considered to be exogenous variables in equations with 
fitness-related traits and endogenous variables in equations 
with environmental factors. We performed log-transforma-
tions, whenever it was necessary, to ameliorate the normality 
of variables. We used a maximum likelihood method (MLM) 
with robust standard errors. The most parsimonious mod-
els were selected using a combination of forward selection, 
backward elimination and Akaike Information Criteria. The 
Satorra-Bentler test statistic robust to non-normality with 
a rescaled version of the standard  χ2 was used to assess the 
overall fit of the final models. The quality of the models was 
also evaluated using the root mean square error of approxima-
tion index (RMSEA) and the comparative fit index (CFI). The 
following criteria were used to indicate SEM with a satisfac-
tory fit: (1) P-values of chi-square tests > 0.05, (2) RMSEAs 
< 0.05, and (3) CFIs > 0.95 (Bollen and Long 1993). All 
analyses were performed using the function cfa and package 
lavaan (ver. 0.5-18) in the R software (R Core Team 2015). 
 Because the spatial autocorrelation of endogenous vari-
ables (i.e., fitness-related traits and density of target species) 
among plots, disrupts the assumptions of SEM and increases 
the risk of type-I errors, we accounted for spatial autocorrela-
tion in all SEM. Moran’s I was calculated to assess the spa-
tially autocorrelated endogenous variables using the package 
Ape and function Moran.I (ver. 3.0-11) in the R software (R 
Core Team 2015). A distance matrix of plots and within-plot 
median values of particular endogenous variables were used 
in the Moran’s I tests. After that, Spatial Eigenvalue Vector 
Mapping (SEVM) was adopted for endogenous variables 
with Moran’s I P values < 0.05. The multivariate technique, 
SEVM, translates the spatial arrangement of data points into 
a set of eigenvectors, capturing the spatial eﬀects (Dormann 
et al. 2007). We assessed eigenvectors using principal co-
ordinate of neighbour matrices (PCNM). Only positive ei-
genvectors were considered to always represent significant 
autocorrelation. These eigenvectors were used as predictors 
in regression models with endogenous variables (i.e., fitness-
related traits and density of target species) as dependent vari-
ables to determine spatially uncorrelated regression residuals 
(Dormann et al. 2007). The regression residuals were then 
input to SEM in place of the original (observed) endogenous 
variables. The SEVM was performed using SAM software 
(ver. 4.0) (Rangel et al. 2010). 
To evaluate whether differences in seed performance, rate 
of ramet propagation and competitive ability support the spe-
cies coexistence in clonal plant assemblages, we developed 
a series of spatially explicit models (Fig. 1, Table 1). Based 
on the results of the SEM, which showed negative density 
dependence of Carex elongata on C. elata and no effects of 
environmental conditions on local species distribution, we 
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modelled the coexistence of two species, including a superior 
competitor (i.e., C. elata) with the low number of germinated 
seeds, and an inferior one (i.e., C. elongata) with the large 
number of germinated seeds. We used a regular square lattice 
with 50 × 50 cells, where each cell had three states, i.e., emp-
ty, occupied by C. elata or occupied by C. elongata. Only one 
individual could occur in each cell. In each time step, an in-
dividual could spread to 8 neighbouring cells using seeds and 
ramets ensuring that there is a continuity at the edges (i.e., we 
consider a donut-shape) (Soetaert and Herman 2009). Each 
species initially occupied 25% of randomly-selected cells 
and 50% of cells remained empty. Seeds and ramets became 
adults in the same time step and produced new seeds and 
ramets in the next time step. We counted the numbers of cells 
occupied by the adults of each species after each time step. 
For each model, we repeated the simulation protocol 10 times 
and calculated the mean species densities for each time step. 
If both species coexisted after 1,000 time steps, we consid-
ered their coexistence to be possible.
In each step, the number of germinated seeds and of all 
seeds for each of the individuals in the lattice matrix were 
randomly selected from a range of values based on field 
measurements made on 53 individuals of Carex elata and 
212 individuals of C. elongata. Analogously, the numbers of 
new vegetative sprouts (ramets) were randomly selected from 
a range of values based on measurements of 260 individuals 
of each species growing in the common garden experiment. 
Seed and sprout dispersal to each cell, was calculated as the 
number of seeds and new vegetative sprouts produced in the 
target cell and in the eight surrounding cells, multiplied by 
the probability that all seeds and sprouts reached the target 
cell. 
The following set of simulations was used to examine 
the plant traits and environmental limitations of species co-
existence (see Tables 1-2 for description of all models and 
competitive ranking). We started with the simulation of both 
species propagating only via seeds to determine if differ-
ences in seed numbers accompanied with strong competitive 
asymmetry are sufficient for their coexistence (Propagation 
via seeds model). Then, we included propagation via ramets 
into the simulations to show the role of both seed and ramet 
propagation (Propagation via seeds and ramets model). 
Table 1. Parameters of spatially explicit models. 
Model parameters Description
Lattice 50 x 50 cells; cell states:  empty, occupied by Carex elata OR occupied by C. elongata
Initial species distribution at the start, each of the two species occupied 25% of randomly-selected cells; 50% of cells 
remained empty
Maturity seeds and ramets became adults in the same time step and produce new seeds and new ramets 
in the next time step
Propagation via seeds numbers of seeds randomly selected from a range of values based on field measurements 
made on 53 individuals of Carex elata and 212 individuals of C. elongata
Propagation via ramets numbers of new vegetative sprouts randomly selected from a range of values based on meas-
urements of 260 individuals of each species growing in a common garden experiment
Spread each individual could spread to 8 neighbouring cells using seeds and ramets (propagation via 
seeds and ramets); seed and ramet dispersal to each cell was calculated as the number of seeds 
and ramets produced in the target cell and the 8 surrounding cells multiplied by the probabili-
ties that all seeds and ramets reached the target cell
Mortality rates percentages of randomly-selected plants that died in each step: 1%, 3%, 5%, 7% and 10%
Model time steps (t) and repeti-
tion (n)
t = 1,000, n = 10; if both species coexisted after 1,000 time steps, we considered their coexist-
ence to be possible
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Figure 1. Overview of spatially explicit simulations. Parameters included in the models are 629 
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Figure 1. Overview of spatially explicit simulations. Parameters 
included in the models are presented in italics.  
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Within the Propagation via seeds and ramets model, we at-
tributed the competitive superiority of species to individual 
reproductive modes in three variants: i) the Seed and ramet 
superiority model attributing the competitive advantage of 
superior species to both modes of propagation; ii) the Seed 
superiority model assigning competitive advantage to seed 
recruitment of the superior competitor, whereas maintaining 
equal competitive ability for both species during propagation 
via ramets; and iii) the Ramet superiority model attributing 
competitive advantage to ramet propagation of the superior 
competitor, whereas maintaining equal competitive ability for 
both species during recruitment via seeds. In all models, the 
superior competitor replaced the inferior competitor when-
ever it was propagated (i.e., reached the cell) with the com-
petitive advantage. In cases that both species had an equal 
competitive ability, we selected the one randomly attending 
to species proportion of seeds and new vegetative sprouts in 
the cell. 
To determine if the number of germinated seeds is a better 
predictor of species coexistence than the number of all seeds, 
we performed all simulations separately, once with germi-
nated seeds (Germinated seeds model) and once with all 
seeds (All seeds model). Because the recruitment of plants in 
perennial vegetation is often associated only with vegetation 
gaps, we performed all simulations in two variants: first, with 
possible recruitment only in unoccupied cells (Gaps model) 
and second, with recruitment in all occupied and unoccupied 
cells (Gaps & Cover model). Previous spatial competition 
models have shown that species with different life-histories 
(i.e., one is a good coloniser/poor competitor, and another a 
poor coloniser/good competitor) coexisted depending on the 
disturbance frequency (Cadotte 2007). Therefore, we simu-
lated different mortality rates (1%, 3%, 5%, 7% and 10%), 
i.e., the percentages of plants that randomly died in each step, 
to capture the extent of mortality by disturbances under which 
coexistence is possible. Moreover, we simulated null scenari-
os with an equalised number of germinated seeds and ramets 
(Equal number of seeds and ramets model) and the competi-
tive ability of the species (Equal competitive abilities model). 
The Equal number of seeds and ramets model was assessed 
with the number of all seeds and the number of germinated 
seeds and the number of new vegetative sprouts selected for 
each individual in the lattice in a species-nonspecific manner. 
In the Equal competitive abilities model we selected the one 
species to win in each cell, based on a probability correspond-
ing to the species proportion of seeds and the number of new 
vegetative sprouts in the cell. 
Results
Species differences in seed size, seed number, seed number 
per ramet and number of new sprouts 
Carex elata had three times as many seeds (645.55 ± 
113.89, mean ± se) as C. elongata (218.7 ± 17.26; χ2 = 13972, 
n = 265, P < 0.001; Fig. 2a). In contrast, C. elongata had 22.3 
times as many germinated seeds (106.64 ± 11, mean germi-
nation percentage = 40.89 ± 1.78%) as C. elata (4.79 ± 1.76, 
mean germination percentage = 0.72 ± 0.24%;  χ2 = 4760.9, 
n = 265, P < 0.001; Fig. 2a). No germinated seeds were re-
corded for 78% of the C. elata plants (n = 54). Similarly, the 
mean number of seeds per ramet was 2.6 times as many for 
C. elata ( 7.42 ± 1.03) as for C. elongata (2.83 ± 0.17; χ2 = 
33.798, n = 265, P < 0.001; Fig. 2b), whereas the mean num-
ber of germinated seeds per ramet was 19 times as many for 
C. elongata (1.14 ± 0.08) as for C. elata (0.06 ± 0.02;  χ2 = 
Table 2. Species competitive ranking (CR) related to the competitively superior species (i.e., Carex elata) used in different spatially 
explicit models. Competitive ranking was applied to all models but the Equal competitive abilities models. a, adult; r, ramet; s, seed-
lings (seeds); ELA, C. elata; ELO, C. elongata; for example, CR: sELO OR aELO <- sELA indicates that seedlings of C. elata have a 
competitive advantage over seedlings and adults of C. elongata, CR: sELO OR rELO OR aELO == rELA indicates that ramets of C. 
elata have an equal competitive ability to the seedlings, ramets and adults of C. elongata.  
Propagation Competitive asymmetry Recruitment Competitive ranking
Seeds  
Gaps sELO <- sELA
Gaps & Cover sELO OR aELO <- sELA
Seeds and ra-
mets
Seed and ramet 
superiority
Gaps sELO OR rELO <- sELA                              sELO OR rELO <- rELA 
Gaps & Cover sELO OR rELO OR aELO <- sELA               sELO OR rELO OR aELO <- rELA                  
Seed superiority
Gaps sELO OR rELO <- sELA                                sELO OR rELO == rELA
Gaps & Cover sELO OR rELO OR aELO <- sELA                   sELO OR rELO OR aELO == rELA
Ramet superi-
ority
Gaps sELO OR rELO == sELA                             sELO OR rELO <- rELA 
Gaps & Cover sELO OR rELO == sELA                               sELO OR rELO OR aELO <- rELA
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70.342, n = 265, P < 0.001; Fig. 2b). The mean seed size was 
1.48 times as many for C. elongata (0.46 ± 0.01 mg) as for C. 
elata (0.31 ± 0.01 mg;  χ2 = 42.803, n = 265, P < 0.001; Fig. 
2c). Only low number of plants (i.e., 1.25% and 0.38% for C. 
elata and C. elongata, respectively) propagated via vegeta-
tive sprouts more than 1 cm in length. The number of new 
vegetative sprouts was 2.73 times greater for C. elata (0.15 ± 
0.03) than for C. elongata (0.05 ± 0.02;  χ2 = 149.58, n = 520, 
P < 0.001; Fig. 2d).
Factors influencing fitness-related traits: plot scale
The final SEM fitted the data structure well for both 
Carex elata ( χ2 = 14.742, n = 30, P = 0.791; RMSEA = 0; 
CFI = 1) and C. elongata ( χ2 = 18.843, n = 48, P = 0.338; 
RMSEA = 0.048; CFI = 0.988). For C. elongata, the density 
and number of ramets decreased with the density of C. elata 
(Fig. 3a). The number of all seeds decreased with increasing 
canopy openness (Fig. 3a). Seed size increased with canopy 
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Figure 2. Differences in seed traits of Carex elata and C. elongata. Error bars are standard errors of the mean. All differences were significant (P 634 
< 0.05).  635 
Figure 2. Differences in seed traits of Carex elata and C. elongata. Error bars are standard errors of the mean. All differences were 
significant (P < 0.05). 
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Figure 3. Structural equation modelling (SEM) representing the effects of environmental 638 
variables and plant densities on fitness-related traits of Carex elongata (a) and C. elata (b). 639 
Unidirectional arrows represent standardised path coefficients, with the line thickness being 640 
proportional to the coefficient strength. Bidirectional arrows show the correlations between 641 
exogenous variables. R2 indicates the amount of variation of the target variable explained by 642 
the model. res. indicates endogenous factors, for which spatial autocorrelation was detected 643 
and the residuals of regression models were inputted into SEM instead of the originally 644 
observed variables. *** P < 0.001; ** P < 0.01; * P < 0.05.645 
Figure 3. Structural equation modelling 
(SEM) representing the effects of envi-
ronmental variables and plant densities on 
fitness-related traits of Carex elongata (a) 
and C. elata (b). Unidirectional arrows rep-
resent standardised path coefficients, with 
the line thickness being proportional to the 
coefficient strength. Bidirectional arrows 
show the correlations between exogenous 
variables. R2 indicates the amount of vari-
ation of the target variable explained by the 
model. res. indicates endogenous factors, for 
which spatial autocorrelation was detected 
and the residuals of regression models were 
inputted into SEM instead of the originally 
observed variables. *** P < 0.001; ** P < 
0.01; * P < 0.05.
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openness, and the number of germinated seeds increased with 
increasing soil conductivity (Fig. 3a). The number of ger-
minated seeds was positively correlated with the seed size, 
number of ramets and number of all seeds. The number of 
ramets was positively correlated with the number of all seeds. 
For C. elata, the number of ramets, seed size and number 
of all seeds significantly decreased with increasing density 
of C. elata (Fig. 3b). The number of germinated seeds of C. 
elata increased with seed size and soil pH (Fig. 3b). The soil 
conductivity and water level were positively correlated with 
pH, and canopy openness was negatively correlated with pH. 
Spatially explicit models of species coexistence
After 1,000 time steps, species coexisted at all mortality 
rates in all competitive scenarios when recruited in gaps via 
germinated seeds or germinated seeds and ramets except in 
the Ramet superiority scenario (Fig. 4). In the Ramet superi-
ority scenario, species coexisted at 5 and 7% of the mortal-
ity rate when recruited in gaps and under cover. Species also 
coexisted at 1, 3, 5 and 7% of the mortality rate under the null 
model with an equalised number of seeds when recruited in 
gaps, and competitive superiority was attributed to the ramet 
propagation. In all other simulations, one of two species sur-
vived and the other became extinct. The inferior competitor 
(i.e., Carex elongata) won in all simulations when both spe-
cies had equal competitive abilities or under the Ramet supe-
riority scenario when it recruited via germinated seeds and 
ramets both in gaps (at all mortality rates) and in gaps and 
cover (at a 10% mortality rate). 
The germination, competition and gap recruitments had 
the following effects on species coexistence: (1) If germina-
tion differences between both species were not considered the 
species that produced more seeds won (All seeds model). (2) 
If we simulated equal competition ability between species, 
the species with better establishment won (the one with more 
germinable seeds). (3) The coexistence of species was strong-
ly dependent on recruiting in gaps. The results for the Ramet 
superiority scenario in gaps were more dependent on the ab-
sence of seed superiority than on the ramet superiority itself 
(when seeds were competitively equal, the species with high-
est germination won). Indeed, vegetative spread was very low 
(ca 1%), so it is not an estrange result at all. The results for 
the Ramet superiority scenario in a gap and under a canopy 
(cover) show that vegetative spread is the alternative pathway 
when species must deal with the omnipresent seeds of other 
species. However, this is only true if vegetative recruitment is 
not limited to the presence of vegetation gaps.
Discussion 
Seed traits as estimates of competitive ability and  
recruitment potential in clonal plants
Species differed in the traits closely related to seed re-
cruitment potential, specifically in the number of all seeds 
and of germinated seeds. However, only the number of germi-
nated seeds was shown to explain species coexistence when 
it was implemented into the spatially explicit simulations. If 
we considered only differences in the number of all seeds, 
the superior competitor (i.e., C. elata) outcompeted the infe-
rior competitor in all scenarios because the former had three 
times as many seeds as the latter (Fig. 4). Although studies on 
perennial plants generally focused on addressing the seed size 
vs. seed number trade-off (e.g., Leishman 2001, Lönnber and 
Eriksson 2012), our study indicates that neither seed size nor 
the seed number provide good estimates of the competitive 
ability and recruitment potential of perennial plants. In our 
study, the superior competitor had a considerably higher num-
ber of seeds but a lower seed size than the inferior competi-
tor. Perennials may allocate resources to clonal growth rather 
than to the seeds (Cheplick 1995, van Drunen and Dorken 
2012). The low germination of C. elata was linked to the 
lower ratio of the number of germinated seeds to the number 
of ramets. On the other hand, we recorded many germinated 
seeds and the higher ratio of the seed number to the ramet 
number for C. elongata. We can speculate that an investment 
of C. elata into vegetative biomass resulted in the allocation 
of limited resources to achene development (Lee 1988, Fang 
et al. 2006). In contrast, a higher number of germinated seeds 
in C. elongata may correspond to a plant strategy that maxim-
ises seed reproduction success (Weiner et al. 2009). 
Studies dealing with trade-offs between competition/
utilisation and colonisation in clonal plants primarily noted 
differences in clonal growth forms. A trade-off between allo-
cation to long vs. short spacers has been described (Cheplick 
1997), and the possible coexistence of species with such dif-
ferences in life histories was confirmed (Benot et al. 2013). In 
our study, albeit as tussock plants, both sedges were able to 
propagate via underground rhizomes (longer than 1 cm from 
a maternal plant); Carex elata propagated via rhizomes with 
the frequency three times that of C. elongata. 
Species competitive ranking and microsite preferences 
The results of structural equation modelling indicated a 
competitive hierarchy and large overlap in microsite prefer-
ences between the species (Fig. 3). Both competitive asym-
metry and overlapping environmental niches between spe-
cies are an essential assumption underlying the coexistence 
of species with different colonisation abilities (Geritz et al. 
1999). We recorded a negative effect of C. elata plant den-
sity on C. elongata plant density and the number of ramets. 
In contrast, C. elongata density did not negatively affect the 
reproductive traits of C. elata nor its density. Van de Koppel 
and Crain (2006) noted that competition among Carex plants 
inhibits their growth and recruitment, due to a deep wrack 
layer produced by tussocks. In our study, an analogous mech-
anism may be an important trigger of interspecific competi-
tion because C. elata produces a large number of leaves every 
year. These leaves decompose only slowly (Douda et al., per-
sonal observation). 
Environmental conditions (i.e., canopy openness, con-
ductivity and pH of the soil) influenced plant seed traits but 
did not affect the local distribution of plants or the number 
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of ramets. Increasing light and nutrient supply in a forest 
ecosystem generally increases seed production and viabil-
ity (Meekins and McCarthy 2000, Baskin and Baskin 2014). 
Previous studies have shown that the distribution of herba-
ceous plants in temperate forests is driven by different spe-
cies preferences for microtopography (Beatty 1984, Douda et 
al. 2012), overstory composition and structure (Beatty 1984, 
Scheller and Mladenoff 2002) or soil nutrients (Bruelheide 
and Udelhoven 2005). However, the occurrence and abun-
dance of clonal plants, which are dominant components of 
temperate forests, may only poorly reflect environmental het-
erogeneity (Gilbert and Lechowicz 2004, Douda et al. 2012). 
Douda et al. (2012) found that the distributions of C. elata 
and C. elongata are most strongly influenced by dispersal 
limitation rather than by environmental conditions. 
Spatially explicit simulation of species coexistence of  
clonal plants
The results of spatially explicit simulations answered 
whether the difference of propagation importance between 
seed and ramet in long-term species coexistence depended on 
recruitment conditions and whether competition advantage 
was attributed to seed and/or ramet propagation. Both species 
coexisted when they propagated only via seeds and recruited 
in gaps. The results did not change when we included ramet 
propagation into the simulations because the rate of ramet 
propagation was too low to achieve the effect of seed recruit-
ment. These results show that tussock plants that differ only 
in the number of seeds and competitive abilities may coexist 
based on seed number and competition trade-offs, but only 
if seedling recruitment is limited to empty sites. In this case, 
the low availability of sites, where species may recruit via 
seeds, limits the competitively superior species with a low 
fecundity, which leads to species coexistence. 
On the other hand, both species coexisted when we at-
tributed the competitive superiority only to ramet propagation 
of C. elata, although in limited range of mortality rates (i.e., 
5–7%). In this case, the low propagation rate of ramets of the 
superior competitor ensured the coexistence of the inferior 
competitor with the omnipresent seeds. Species coexisted 
only if recruitment both in gap and under cover was allowed 
because if recruited only in gaps, the rate of ramet propaga-
tion was not sufficient to achieve the recruitment of seeds of 
C. elongata. This is because the restriction of seed and ramet 
recruitment to gaps imposes a very strong founder effect of 
seeds of inferior competitor (Platt 1975, Grime 1998).
Figure 4. Spatially explicit simulations of the coexistence of species differing in the number of germinated seeds, rate of vegetative 
propagation and competitive ability (see Table 1 and 2 for description of the parameters of particular models). The mean proportions of 
Carex elata (pale grey), C. elongata (dark grey) and unoccupied cells (grey) during the 1,000 steps of simulations are given (n = 10). 
Each model was simulated for 1%, 3%, 5%, 7% and 10% mortality rate. 
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In accordance with simulation studies on the competi-
tion-colonisation trade-off, higher rates of mortality gen-
erally increased the success of the species producing more 
germinating seeds, whereas lower plant mortality supported 
the superior competitor (Cadotte 2007). Disturbance usually 
decreases the competitive advantage of a superior competitor 
by releasing resources to the inferior competitor, thus pro-
moting coexistence (e.g. Elias and Dias 2009). The effect of 
mortality rate was mostly weak except for the model with 
competitive advantage attributed to ramet propagation, where 
coexistence was possible only at an intermediate level of dis-
turbance (Fig. 4). It has been shown that the relative risk of 
extinction depends on the balance between disturbance mor-
tality rate and population growth (Shaffer 1981, Lande 1993). 
Increasing mortality rate interrupts competitive exclusion by 
reducing the densities of all species (Huston 1979, Chesson 
and Huntly 1997) but also makes species more prone to ex-
tinction (Fox 2013). Mortality had an effect by modulating 
the availability of gaps as there were no differences in mortal-
ity between species. 
Recently, Herben et al. (2012) supported the existence 
of a seed reproduction-vegetative propagation trade-off for a 
large dataset of plant species growing in a botanical garden. 
They have shown that this trade-off may become evident only 
when species are influenced by site conditions or biotic in-
teractions. For example, at sites with high productivity, local 
seedling establishment is limited due to high above-ground 
competition. Thus, allocation to clonal propagation increases 
the chances of plant recruitment in dense vegetation due to 
resource integration between mother and offspring ramets 
(Williams et al. 1977, Abrahamson 1980). 
One characteristic of our models should be discussed. We 
considered the same spatial range of seed dispersal and veg-
etative propagation for both species. Thus, our models more 
strongly corresponded to studies that considered the effect of 
seed number and population growth than to those that consid-
ered differences in species dispersal abilities (Eriksson 2005, 
Ben-Hur et al. 2012). According to our results, Carex elon-
gata maximised the number of seeds that may germinate and 
thereby gained a fecundity advantage for rapidly colonising 
new sites, whereas C. elata recruiting via a lower number of 
germinated seeds or via ramets have a competitive advantage 
and utilise the local space. 
Conclusions
Based on a combination of field trait measurement, ger-
mination trial and spatial explicit simulations, we supported 
that species coexistence depends on seed germination and 
vegetative spread. Specifically, the germinated seed number 
is better than the seed number to account for the colonisation 
of empty space; vegetative spread is a tool for dealing with 
founder effect and account for species recruitment under the 
vegetation cover; and mortality creates gaps and allows the 
survivability of species which are better colonising empty 
space than occupied space. As a response to our initial ques-
tions we found that: i) Only differences in the numbers of ger-
minated seeds has been shown to allow species coexistence 
in our simulations. If we consider only differences in the total 
number of seeds, the superior competitor outcompeted the in-
ferior competitor in all scenarios because the former produced 
about three-times as many seeds as the latter. ii) We show that 
vegetative sprouting represents an additional pathway for the 
seed size-number trade-off when the competitive superior-
ity of species is attributed to ramet propagation. This is an-
other way in which species deal with the omnipresent seeds 
of other species. Taken together, our study demonstrates that 
differences in seed performance and vegetative propagation 
related to competitive ability, may be an additional mecha-
nism allowing perennial plants to coexist. This may be advan-
tageous in the conditions of the forest understory, where veg-
etative propagation of plant species appears to be omnipres-
ent (Bierzychudek 1982). Several studies noted difficulties 
in attempts to explain the local coexistence of clonal plants 
based on only the concept of environmental niche segregation 
(Wijesinghe et al. 2005, Reynolds et al. 2007) or the seed size 
vs. seed number trade-off (Eriksson 2005). Future research in 
this area presents a challenge because, at present, knowledge 
is still insufficient to determine the role of the generative and 
vegetative propagation in the coexistence of clonal plants and 
the diversity of clonal plant assemblages. 
Acknowledgements: We would like to thank A. Havrdová 
for valuable comments on this manuscript. This study was 
supported by the Internal Grant Agency of the Faculty of 
Environmental Sciences, CULS Prague, 2015, Grant No. 
4211013123128.
References
Abrahamson, W.A. 1980. Demography and vegetative reproduc-
tion. In: O.T. Solbrig (ed.), Demography and Evolution in Plant 
Populations. University of California Press, Los Angeles. pp. 
89–106.
Baskin, C.C. and Baskin, J.M. 2014. Seeds: Ecology, Biogeography, 
and Evolution of Dormancy and Germination. 2nd ed. Elsevier/
Academic Press, San Diego.
Beatty, S.W. 1984. Influence of microtopography and canopy spe-
cies on spatial patterns of forest understory plants. Ecology 
65:1406–1419.
Ben-Hur, E., Fragman-Sapir, O., Hadas, R., Singer, A. and Kadmon, 
R. 2012. Functional trade-offs increase species diversity in ex-
perimental plant communities. Ecol. Lett. 15:1276–1282. 
Benot, M.-L., Bittebiere, A.-K., Ernoult, A., Clément, B. and Mony, 
C. 2013. Fine-scale spatial patterns in grassland communities 
depend on species clonal dispersal ability and interactions with 
neighbours. J. Ecol. 101:626–636.
Bierzychudek, P. 1982. Life histories and demography of shade-tol-
erant temperate forest herbs: a review. New Phytol. 90:757–776.
Bollen, K.A. and Long, J.S. 1993. Testing Structural Equation 
Models. Sage Publications, Newbury Park, CA.
Bruelheide, H. and Udelhoven, P. 2005. Correspondence of the fine-
scale spatial variation in soil chemistry and the herb layer veg-
etation in beech forests. For. Ecol. Manage. 210:205–223.
Bullock, J.M., Hill, B.C., Silvertown, J. and Sutton, M. 1995. Gap 
colonization as a source of grassland community change: effects 
214        Douda et al.
of gap size and grazing on the rate and mode of colonization by 
different species. Oikos 72:273–282.
Cadotte, M.W. 2007. Concurrent niche and neutral processes in the 
competition-colonization model of species coexistence. Proc. R. 
Soc. B-Biol. Sci. 274:2739–2744. 
Canham, C.D. 1988. An index for understory light levels in and 
around canopy gaps. Ecology 69:1634–1638. 
Charpentier, A., Grillas, P. and Thompson, J.D. 2000. The effects of 
population size limitation on fecundity in mosaic populations of 
the clonal macrophyte Scirpus maritimus (Cyperaceae). Am. J. 
Bot. 87:502–507.
Cheplick, G.P. 1995. Life history trade-offs in Amphibromus scabri-
valvis (Poaceae): allocation to clonal growth, storage, and cleis-
togamous reproduction. Am. J. Bot. 82:621–629.
Cheplick, G.P. 1997. Responses to severe competitive stress in a 
clonal plant: differences between genotypes. Oikos 79:581–591.
Chesson, P. and Huntly, N. 1997. The roles of harsh and fluctuating 
conditions in the dynamics of ecological communities. Am. Nat. 
150:519–553.
Douda, J. 2010. The role of landscape configuration in plant compo-
sition of floodplain forests across different physiographic areas. 
J. Veg. Sci. 21:1110–1124.
Douda, J., Boublík, K., Slezák, M., Biurrun, I., Nociar, J., Havrdová, 
A., Doudová, J., Aćić, S., Brisse, H., Brunet, J., Chytrý, M., 
Claessens, H., Csiky, J., Didukh, Y., Dimopoulos, P., Dullinger, 
S., FitzPatrick, Ú., Guisan, A., Horchler, P.J., Hrivnák, R., Jandt, 
U., Kącki, Z., Kevey, B., Landucci, F., Lecomte, H., Lenoir, J., 
Paal, J., Paternoster, D., Pauli, H., Pielech, R., Rodwell, J.S., 
Roelandt, B., Svenning, J.-C., Šibík, J., Šilc, U., Škvorc, Ž., 
Tsiripidis, I., Tzonev, R.T., Wohlgemuth, T. and Zimmermann, 
N.E. 2016. Vegetation classification and biogeography of 
European floodplain forests and alder carrs. Appl. Veg. Sci. 
19:147–163. 
Douda, J., Doudová-Kochánková, J., Boublík, K. and Drašnarová, 
A. 2012. Plant species coexistence at local scale in temper-
ate swamp forest: test of habitat heterogeneity hypothesis. 
Oecologia 169:523–534. 
Dormann, C.F., McPherson, J.M., Araújo, M.B., Bivand, R., Bolliger, 
J., Carl, G., Davies, R.G., Hirzel, A., Jetz, W., Kissling, W.D., 
Kühn, I., Ohlemüller, R., Peres-Neto, P.R., Reineking, B., 
Schröder, B., Schurr, F.M. and Wilson, R. 2007. Methods to ac-
count for spatial autocorrelation in the analysis of species distri-
butional data: a review. Ecography 30:609–628. 
Eckert, C.G. 2002. The loss of sex in clonal plants. Evol. Ecol. 
15:501–520.
Egler, F.E. 1954. Vegetation science concepts I. Initial floristic com-
position, a factor in old-field vegetation development. Vegetatio 
4:412–417.
Elias, R.B. and Dias, E. 2009. The effects of landslides on the moun-
tain vegetation of Flores Island, Azores. J. Veg. Sci. 20: 706–717.
Eriksson, O. 2005. Game theory provides no explanation for seed 
size variation in grasslands. Oecologia 144:98–105. 
Eriksson, O. 2011. Niche shifts and seed limitation as mechanisms 
behind seedling recruitment patterns in clonal plants. Preslia 
83:301–314.
Eriksson, O. and Jakobsson, A. 1998. Abundance, distribution and 
life histories of grassland plants: a comparative study of 81 spe-
cies. J. Ecol. 86:922–933. 
Fang, X., Yuan, J., Wang, G. and Zhao, Z. 2006. Fruit production 
of shrub, Caragana korshinskii, following above-ground partial 
shoot removal: mechanisms underlying compensation. Plant 
Ecol. 187:213–225.
Fischer, M. and van Kleunen, M. 2002. On the evolution of clonal 
plant life histories. Evol. Ecol. 15:565–582.
Fukami, T. 2004. Assembly history interacts with ecosystem size to 
influence species diversity. Ecology 85:3234–3242.
Fox, J.W. 2013. The intermediate disturbance hypothesis should be 
abandoned. Trends Ecol. Evol. 28:86–92.
Frazer, G.W., Canham, C.D. and Lertzman, K.P. 1999. Gap Light 
Analyzer (GLA), Version 2.0: Imaging software to extract cano-
py structure and gap light transmission indices from true-colour 
fisheye photographs, users manual and program documentation. 
Burnaby, British Columbia, Canada: Simon Fraser University 
and Millbrook, New York, NY: the Institute of Ecosystem 
Studies. 
Geritz, S.A., van der Meijden, E. and Metz, J.A. 1999. Evolutionary 
dynamics of seed size and seedling competitive ability. Theor. 
Popul. Biol. 55:324–343. 
Gilbert, B. and Lechowicz, M.J. 2004. Neutrality, niches, and dis-
persal in a temperate forest understory. PNAS 101:7651–7656.
Grace, J.B. 2006. Structural Equation Modeling and Natural 
Systems. Cambridge University Press, Cambridge.
Grime, J.P. 1998. Benefits of plant diversity to ecosystems: immedi-
ate, filter and founder effects. J. Ecol. 86:902–910.
Grman, E. and Suding, K.N. 2010. Within-year soil legacies con-
tribute to strong priority effects of exotics on native California 
grassland communities. Rest. Ecol. 18:664–670.
Guo, Q., Brown, J.H., Valone, T.J. and Kachman, S.D. 2000. 
Constraints of seed size on plant distribution and abundance. 
Ecology 81:2149–2155.
Handel, S.N. 1985. The intrusion of clonal growth patterns on plant 
breeding systems. Am. Nat. 125:367–384.
Harper, J.L. 1967. A Darwinian approach to plant ecology. J. Ecol. 
55:247–270.
Herben, T., Nováková, Z., Klimešová, J. and Hrouda, L. 2012. Species 
traits and plant performance: functional trade-offs in a large set 
of species in a botanical garden. J. Ecol. 100:1522–1533. 
Huston, M.A. 1979. A general hypothesis of species diversity. Am. 
Nat. 113:81–101.
Lande, R.1993. Risks of population extinction from demographic and 
environmental stochasticity and random catastrophes. Am. Nat. 
142:911–927
Lee, T.D. 1988. Patterns of fruit and seed production. In: J. Lovett 
Doust and L. Lovett Doust (eds.), Plant Reproductive Ecology: 
Patterns and Strategies. Oxford University Press, New York. pp. 
179–202.
Leishman, M.R. 2001. Does the seed size/number trade-off model 
determine plant community structure? An assessment of the 
model mechanisms and their generality. Oikos 93:294–302. 
Meekins, J.F. and McCarthy, B.C. 2000. Responses of the biennial 
forest herb Alliaria petiolata to variation in population density, 
nutrient addition and light availability. J. Ecol. 88:447–463.
Muller-Landau, H.C. 2010. The tolerance-fecundity trade-off and the 
maintenance of diversity in seed size. PNAS 107:4242–4247. 
Platt, W.J. 1975. The colonization and formation of equilibrium plant 
species associations on badger disturbances in a tall-grass prai-
rie. Ecol. Monog. 45:285–305.
Rangel, T.F., Diniz-Filho, J.A.F. and Bini, L.M. 2010. SAM: a com-
prehensive application for Spatial Analysis in Macroecology. 
Ecography 33:46–50. 
R Core Team 2015. R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing. Vienna, 
Austria: R Foundation for Statistical Computing. 
Species coexistence of clonal plants            215 
Rees, M. 1995. Community structure in sand dune annuals: is seed 
weight a key quantity? J. Ecol. 83:857–863.
Reynolds, H.L., Mittelbach, G.G., Darcy-Hall, T.L., Houseman, G.R. 
and Gross, K.L. 2007. No effect of varying soil resource hetero-
geneity on plant species richness in a low fertility grassland. J. 
Ecol. 95:723–733. 
Rosseel, Y. 2012. lavaan: An R package for structural equation mod-
eling. J. Stat. Softw. 48:1–36.
Scheller, R.M. and Mladenoff, D.J. 2002. Understory species patterns 
and diversity in old-growth and managed northern hardwood 
forests. Ecol. Appl. 12:1329–1343. 
Schütz, W. 2000. Ecology of seed dormancy and germination in 
sedges (Carex). Perspect. Plant. Ecol. Evol. Syst. 3:67–89. 
Schütz, W. and Rave, G. 2003. Variation in seed dormancy of the 
wetland sedge, Carex elongata, between populations and indi-
viduals in two consecutive years. Seed. Sci. Res. 13:315–322.
Shaffer, M. 1981. Minimum population sizes for species conserva-
tion. BioScience 31:131–134.
Shipley, B. 2004. Analysing the allometry of multiple interacting 
traits. Perspect. Plant. Ecol. Evol. Syst. 6:235–241.
Soetaert, K. and Herman, P.M.J. 2009. A Practical Guide to 
Ecological Modelling. Using R as a Simulation Platform. 
Springer, Dordrecht. 
Thompson, F.L. and Eckert, C.G. 2004. Trade-offs between sexual 
and clonal reproduction in an aquatic plant: experimental manip-
ulations vs. phenotypic correlations. J. Evol. Biol. 17:581–592.
Tilman, D. 1994. Competition and biodiversity in spatially structured 
habitats. Ecology 75:2–16.
van de Koppel, J. and Crain, C.M. 2006. Scale-dependent inhibition 
drives regular tussock spacing in a freshwater marsh. Am. Nat. 
168:136–147.
van Drunen, W.E. and Dorken, M.E. 2012. Trade-offs between clonal 
and sexual reproduction in Sagittaria latifolia (Alismataceae) 
scale up to affect the fitness of entire clones. New Phytol. 
196:606–616. 
Weiner, J., Campbell, L.G., Pino, J. and Echarte, L. 2009. The allom-
etry of reproduction within plant populations. J. Ecol. 97:1220–
1233. 
Weppler, T., Stoll, P. and Stöcklin, J. 2006. The relative importance 
of sexual and clonal reproduction for population growth in the 
long-lived alpine plant Geum reptans. J. Ecol. 94:869–879. 
Wijesinghe, D.K., John, E.A. and Hutchings, M.J. 2005. Does pattern 
of soil resource heterogeneity determine plant community struc-
ture? An experimental investigation. J. Ecol. 93:99–112.
Williams, R.D., Quimby, Jr. P.C. and Frick, K.E. 1977. Intraspecific 
competition of purple nutsedge (Cyperus rotundus) under green-
house conditions. Weed Sci. 25:477–481.
  Received April 21, 2016 
Revised October 20, 2016 
Accepted November 30, 2016
Electronic Appendix
Fitness-related data measured in field study. The file may be 
downloaded from www.akademiai.com.
